Efforts have been made to present a comparison of all the three magnetic fluid flow models (Neuringer-Rosensweig model, Shliomis model, and Jenkins model) so far as the performance of a magnetic fluid based parallel plate rough slider bearing is concerned. The stochastic model of Christensen and Tonder is adopted for the evaluation of effect of transverse surface roughness. The stochastically averaged Reynolds-type equation is solved with suitable boundary conditions to obtain the pressure distribution resulting in the calculation of load carrying capacity. The graphical results establish that for a bearing's long life period the Shliomis model may be employed for higher loads. However, for lower to moderate loads, the Neuringer-Rosensweig model may be deployed.
Introduction
The analysis of hydrodynamic lubrication of a nonporous slider bearing is a classical one. The exact solution of Reynolds equation for slider bearings with different simple film geometries is discussed in a number of research papers and books [1] [2] [3] [4] . The squeeze film slider bearing is used in clutch plates, automobile transmissions, and domestic appliances. Due to this, many investigators [4] [5] [6] [7] [8] dealt with the problem of squeeze film slider bearing.
During the last few years a noticeable amount of interest in tribology research has been devoted to the study of effect of surface roughness on the hydrodynamic lubrication because most of the bearing surfaces become rough after having some run-in and wear.
Bearing surface could be roughened through the manufacturing process, the wear, and the impulsive damage. Surface roughness evaluation is very essential for many fundamental problems such as contact deformation, friction, heat and electric current conduction, tightness of contact joints, and positional accuracy. To study the effect of surface roughness, Christensen and Tonder [9] [10] [11] utilized a stochastic concept and developed an averaging film model to lubricated surfaces with transverse roughness. On the basis of Christensen and Tonder's stochastic model of roughness, Ting [12] presented a simple mathematical analog for determination of the squeeze film behavior between two parallel annular disks. Prakash and Tiwari [13] analyzed the effect of surface roughness on the response of a squeeze film between two circular plates when one plate had a porous facing. Guha [14] investigated the concept of a stochastic process which was applied to the problem of surface roughness in the dynamic characteristics of hydrodynamic journal bearings of finite width. Turaga et al. [15] studied a Reynolds-type equation for finite hydrodynamic bearings (plane slider and cylindrical journal) with rough surfaces (longitudinal, transverse, and isotropic roughness). Gururajan and Prakash [16] examined the effect of surface roughness in hydrodynamic narrow porous journal hearings operating under steady conditions. It was shown that the results were significantly different than those for the case of an infinitely long journal bearing. Gadelmawla et al. [17] proposed the mathematical formulation of surface roughness parameter. Sinha and Adamu [18] discussed the thermal and roughness effects on the performance characteristics of an infinite tilted pad slider bearing. It was observed that, for a nonparallel slider bearing, the load carrying capacity due to the combined effect was less than the load capacity due to the roughness effect for both models. Adamu and Sinha [19] analyzed the thermal and roughness effects on different characteristics of an infinitely 2 Advances in Tribology long tilted pad slider bearing considering heat conduction through both the pad and the slider.
In fact, ferrofluid can solve many difficult sealing, lubricating, detection, heat transfer, and damping problems. Ferrofluid based devices have found applications in high-vacuum equipment, laser systems, computers, inertia dampers, loudspeakers, material separation, domain detection, and many other areas. Among the many applications in engineering are those taking advantage of the possibility of collecting and holding firmly small quantities of such fluids in a region with highly focused magnetic fields.
Neuringer and Rosensweig [20] developed a simple flow model to describe the steady flow of magnetic fluids in the presence of slowly changing external magnetic fields. A good number of papers are available in the literature for the study of different types of bearing using Neuringer and Rosensweig flow model, for example, Tipei [21] in short bearing, Agrawal [22] , Shah and Bhat [23] , and Deheri and Patel [4] in slider bearing, journal bearing by Nada and Osman [24] and Patel et al. [25] , and circular plates by Shah and Bhat [26] and Deheri and Abhangi [27] . Later on, the flow model of Neuringer and Rosensweig was modified by Jenkins [28] with Maugin's modification. It was found that Neuringer-Rosensweig model modified pressure while Jenkins flow model modified both the pressure and the velocity of the ferrofluid. The steadystate performance of bearings with Jenkins model based magnetic fluids was discussed by Agrawal [22] , Ram and Verma [29] , and Shah and Bhat [30] . Ahmad and Singh [31] analyzed the theoretical model of a magnetic fluid lubrication of porous-pivoted slider bearing with slip velocity. Patel and Deheri [32, 33] dealt with the effect of slip velocity and surface roughness on the performance of Jenkins model based magnetic squeeze film in curved rough circular plates. It was manifested that for any type of improvement in the performance characteristics the slip parameter was required to be reduced even if variance (−ve) occurred and suitable magnetic strength was in force. Also, all the above studies established that the load carrying capacity of the bearing system increased with increasing magnetization. Patel and Deheri [34] investigated the combined effect of slip velocity and surface roughness on the performance of Jenkins model based magnetic squeeze film in curved rough annular plates. It was observed that the effect of transverse surface roughness remained adverse in general; Jenkins model based ferrofluid lubrication provided some measures in mitigating the adverse effect and this became more manifest when the slip parameter was reduced and negatively skewed roughness occurred.
In the last few years, the fact that the magnetic fluid when used as a lubricant turns in an enhanced performance has drawn significant attentions all over the world. On the other hand Shliomis [35] proposed a ferrofluid flow model, in which the effects of rotation of magnetic particles, their magnetic moments, and the volume concentration were included. Kumar et al. [36] analyzed the effect of a ferrofluid squeeze film for spherical and conical bearings with a constant external magnetic field applied in the direction transverse to that of fluid flow. Singh and Gupta [37] theoretically discussed the effect of ferrofluid on the dynamic characteristics of curved slider bearings using Shliomis model. On the ground of the ferrohydrodynamic model proposed by Shliomis [35] , Lin [38] discussed the influence of fluid inertia forces on the ferrofluid squeeze film between a sphere and a plate in the presence of external magnetic fields. It was observed from the above studies that the volume concentration and the intensity of magnetic field provided an increase in the load carrying capacity and the time of approach. All these researchers have found the steady-state characteristics of the bearings lubricated with magnetic fluids, resorting to the model proposed by Shliomis [35] . Patel and Deheri [32, 33] discussed the effect of different porous structures on the performance of a Shliomis model based magnetic squeeze film in rotating rough porous curved circular plates. It was shown that the adverse effect of transverse roughness could be compensated by the positive effect of magnetization in the case of negatively skewed roughness, suitably choosing the rotation ratio and the curvature parameters.
Till today there is no investigation regarding the comparison of the three well-known magnetic fluid flow models, so far as bearing performance is concerned. So it was deemed appropriate to launch an investigation into the performance of a ferrofluid based rough parallel plate slider bearing, considering all the three ferrofluid flow models. This adds a new dimension as the roughness also is factored into the discussion.
In fact, the aim of the current study is to analyze the effect of a ferrofluid based rough parallel plate slider bearing considering the comparison of three magnetic fluid flow models, namely, Neuringer-Rosensweig model, Shliomis model, and Jenkins model.
Analysis
The physical configuration of the parallel plate slider bearing is presented in Figure 1 . The slider moves with a uniform velocity in the direction and squeeze velocityḣ 0 in the direction, ℎ 0 being the minimum film thickness. The length is and is the breadth of the bearing in the direction.
The bearing surfaces are considered to be transversely rough. In view of the discussions of Christensen and Tonder [9] [10] [11] , the thickness ℎ of the lubricant film is taken as
where ℎ denotes the mean film thickness and ℎ is the deviation from the mean film thickness characterizing the random Advances in Tribology 3 roughness of the bearing surfaces. ℎ is assumed to be stochastic in nature and governed by the probability density function
where is the maximum deviation from the mean film thickness. The mean , the standard deviation , and the parameter , which is the measure of symmetry of the random variable ℎ , are defined by the relations
where denotes the expected value given by
The details can be seen from Christensen and Tonder [9] [10] [11] . The lubricant film is assumed to be isoviscous and incompressible and the flow is laminar. A magnetic fluid is used as the lubricant in present study. The magnetic field is oblique to the lower plate as considered in Agrawal [22] . Prajapati [39] discussed the effect of various forms of the magnitude of the magnetic field on the squeeze film performance. Following Prajapati [39] and Bhat [40] the magnitude of the magnetic field is considered as
where is suitably chosen to suit the dimensions of both sides and strength of the magnetic field, the details of which can be found in Bhat and Deheri [7] and Patel and Deheri [41] . In 1964, Neuringer and Rosensweig developed a simple model to describe the steady flow of magnetic fluids in the presence of slowly changing external magnetic fields. The model consists of the following equations:
where is the fluid density, represents the fluid velocity in the film region, denotes the external magnetic field, is the magnetic susceptibility of the magnetic field, represents the film pressure, denotes the fluid viscosity, and 0 is the permeability of the free space. The details of all these parameters have been treated in Bhat [40] and Prajapati [39] .
Using (8)- (9), (6) becomes
Therefore, the modified Reynolds equation for parallel plate slider bearing for Neuringer and Rosensweig model is obtained as
Shliomis [35] pointed out that magnetic particles of a magnetic fluid could relax in two ways when the applied magnetic field changed. One was by the rotation of magnetic particles in the fluid and the other one by rotation of the magnetic moment within the particles. The particle rotation is given by Brownian relaxation time parameters while the intrinsic rotational process is described by the relaxation time parameters . Assuming steady flow and neglecting inertial and second derivatives of , the equations governing the flow become
where is the internal angular momentum and is the sum of moments of inertia of the particles per unit volume:
together with
As discussed in [40] , is the fluid viscosity in the film region, is external magnetic field, is magnetic susceptibility of the magnetic field, is the film pressure, is the fluid viscosity, and 0 is the permeability of the free space.
By making use of (14) in (13) and (15), one finds that
Neglecting terms, substitution of in the above equation leads to
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From (19) , it is easily observed that an initial approximation to is
Substituting the value of on the right side of (19), a second approximation to is found to be
Again, substituting this value of on the right side of (19), a third approximation to is availed as
Making use of this model, Bhat [40] and Patel and Deheri [32, 33] , the modified Reynolds-type equation for Shliomis model for a one-dimensional flow as in a slider bearing with the slider moving with a uniform velocity in the direction and for impermeable slider bearing the governing equation is
The details are explained in Bhat [40] . In [28] , Jenkins proposed a model to describe the flow of a ferrofluid. In view of Maugin's modification, equations of the model for steady flow are [28, 29] 
together with (7)- (10), where is a material constant. From (6) and (25) it is observed that Jenkins model is a generalization of Neuringer-Rosensweig model with an additional term
which modifies the velocity of the fluid. In view of Bhat [40] and Patel and Deheri [32, 33] , the modified Reynolds equation for Jenkins model of a onedimensional flow, in Cartesian coordinates, turns out to be ( ℎ
Under the usual assumptions of hydrodynamic lubrication [8, 39, 40] 
where
The concerned boundary conditions are 
and using (25), (19)- (23) 
Solving (35) under the boundary conditions (32) , one can find the dimensionless pressure for Neuringer-Rosensweig model, Shliomis model, and Jenkins model, respectively:
The dimensionless load carrying capacity takes the form for all three cases, respectively, as
Results and Discussions
It is noticed that the nondimensional pressure distribution is given by (37)- (39) while (40)- (42) determine the nondimensional load carrying capacity. It is well known that the magnetization increases the viscosity of the lubricant which results in increased pressure and, consequently, the load carrying capacity. As (40)- (42) are linear with respect to magnetization parameter, an increase in the magnetization would lead to increased load carrying capacity. The effect of magnetization parameter on the load carrying capacity is displayed in Table 1 and Figures 2-6 . It is seen that the magnetization parameter causes increased load carrying capacity.
The following short version has been taken for the three models: NR stands for Neuringer-Rosensweig model, Sh stands for Shliomis model, and the symbol for Jenkins model is Je.
The influence of standard deviation on load carrying capacity is presented in Figures 7-10 . As such, the transverse surface roughness affects the bearing performance adversely. Probably this may be due to the reason that the motion of the lubricant gets retarded by roughness. However, the standard deviation fails to reduce the load significantly.
In Figures 11-12 , the effect of skewness on load carrying capacity is presented. The positively skewed roughness decreases the load carrying capacity while the nondimensional load increases due to the negatively skewed roughness. It is interesting to note that variance also follows the path of skewness so far as the trends of load carrying capacity are concerned. Thus, the negatively skewed roughness-variance (−ve) combination induces a positive effect.
In order to boost the bearing performance this paper suggests that the combined positive effect of negatively skewed roughness and variance (−ve) may be channelized for bearing design.
A comparison has been given below regarding the performance characteristics of a magnetic fluid based parallel (1) The magnetic fluid lubrication improves the bearing performance in case of all the three models because the magnetization induces an increase in the viscosity of the lubricant.
(2) However, the Shliomis model remains more effective as compared to the other two models so far as the effect of skewness is concerned. Further, the Neuringer-Rosensweig model and Jenkins model provide the same type of trends when skewness is taken into account. A close observation of the analysis presented here indicates that the load carrying capacity is enhanced by at least 7-8% as compared to the conventional fluid based rough slider bearing system.
Conclusion
This paper confirms that when the bearing has run for a longer time, the Neuringer-Rosensweig model may be preferred in order to counter the effect of roughness. However, the Shliomis model may be considered for higher loads, as compared to the other two models for this type of bearing system. The effects of Neuringer-Rosensweig model and Jenkins model are almost alike for nominal roughness. In addition, this type of bearing system supports a good amount of load even in the absence of flow, unlike the case of a traditional lubricant based bearing system. This investigation strongly indicates that the roughness aspect must be considered while designing the bearing system even if Shliomis model is in place.
